The laboratory assessment of the hydraulic characteristics of unsaturated soils usually requires expensive equipment and an extended time period. With lack of financial support, yet taking advantage of local knowledge and resources, the development of cheaper alternative equipment is presented in the present paper. The automated setup allows the assessment of the saturation degree of soil samples subjected to different suctions.
Introduction
The behavior of earth structures can be decisively influenced by groundwater. The amount of water entering the soil can be deduced through seepage studies, which can be carried out by drilling tests or by combining practical and theoretical methods. It is particularly important to carry out such tests on earth structures where safety is the goal.
In the case of labile slopes infiltrated or washed by precipitation, or in the case of water reservoirs with fluctuating levels, a significant change in the boundary conditions applied to these calculations may require an investigation of unsaturated soils. In such situations, the assessment of the hydraulic characteristics (degree of saturation, water retention and storage capacity, permeability coefficients for various suctions, etc.) is the initial step.
These characteristics can be defined in several ways, such as direct laboratory methods, stationary [1] or non-stationary conditions [2] , or even directly in the field [3] . The problems arise when the calculated values are quite near the saturation curves [4] [5] [6] , above which the soil is saturated.
Since direct procedures are very time consuming and costly, over time and almost naturally, several indirect methods have been developed to calculate the hydraulic characteristics of soils based on the WRC (water retention curve) and the SWCC (soil-water characteristic curve) [7] [8] [9] [10] .
Very specialized equipment and experienced, well trained staff are needed in order to define these curves in laboratory conditions. Electrical or heat sensors connected to gypsum elements or to metal rods, together with tension meters can be used to apply the axis translation technique [11] , through which different suction levels are generated and maintained until the gaswater balance is achieved. It is also possible to detect moisture at different suction levels using the axis translation technique without electrical or thermal sensors, for example by applying filter paper on the soil samples and comparing it to a dry sample.
Calculation method
As is known, the unsteady motion in unsaturated media can be determined based on Richard's equation:
In the above equation k x (h), k y (h) and k z (h) are the hydraulic conductivity coefficients; C(h) is the capillary capacity (each as a function of the h suction). The degree of saturation can be determined with the following formula: where θ s denotes the moisture in saturated state (90-92%) and θ r is the residual moisture (the humidity remaining in the soil sample at 1500 kPa suction). The θ moisture content or the S e degree of saturation can be determined through the axis translation technique for different suction levels. In order to get a derivable expression, the shape of the function illustrated in Figure 1 . must be continuous. This can be achieved by selecting and applying proper approximate formulas. From the variants offered by the literature, the following two were chosen: Brooks and Corey [10] :
and van Genuchten [7] :
The problem can be considered partially solved when the value of the α, and λ parameters, and the α, m and n parameters are obtained in such manner, in which the degree of saturation depicting the Se(h) function most accurately covers the results of the experimental measurements ( Figure 2 ). After successfully selecting the model that best approximates the experimental measurement data, the above mentioned shape parameters can be used to calculate the k r relative hydraulic conductivity.
Brooks and Corey's formula for the Burdine model [12] takes the following form:
While in the case of the Mualem model [10] it will be:
Van Genuchten's formula in the case of applying the Burdine model [12] :
and, written for the Mualem model [10] :
The hydraulic conductivity of the unsaturated soil will be calculated by multiplying the hydraulic conductivity of the saturated soil with the relative hydraulic conductivity obtained through one of equations (4a) to (4d). 
Testing equipment
In order to apply the indirect methods, the soil-water characteristic curves and the hydraulic conductivity for the saturated soil sample should be determined in a laboratory environment, as described in the previous chapter.
For this purpose the constant gradient permeameter is used in case of porous and loose (highly permeable) soils, while in the case of low water-permeable soils, the variable gradient permeameter is used. To assess the hydraulic conductivity for a saturated state, the following expression can be used (based on Darcy's law, which can be written in several ways, depending on which values are measured):
In the above formula, q is the flux (the ceded water volume), K sat is the hydraulic conductivity in a saturated state, i is the hydraulic gradient and A is the size of the permeable section.
The flux may also be determined by weight or volume (for example, by using a precision balance for the mass or a burette If the pressure gauge is placed on the same level with the water input (Figure 5.) , the hydraulic gradient value, depending on the p pressure displayed on the gauge and on the L length of the soil sample, can be obtained by:
In the case of manual reading ( Figure 5 ) the above formula will be as shown below:
When using a variable gradient permeameter, the flow intensity can be calculated from the Δh difference measured in the transparent tube (with diameter d):
When using a pressure gauge, the previous formula can be re-written as follows:
For the axis translation technique, the same equipment can be used as for measuring the permeability in saturated media, but instead of water, air is introduced into the chamber and the bottom filters are replaced with a HAES (High Air Entry Stone) plate (Figure 6. ). This plate, through the size and shape of its pores, prevents the passage of air until a certain pressure (defined during production as a characteristic value). However, the water from the soil sample can get out through this plate, as long as it comes directly to it (for this reason the HAES plate should be saturated before placing it in the testing chamber). Of course, the amount of water seeping through the soil sample can be measured (as already mentioned, either by electronic weighing scale or by a precision burette), thus yielding the flow intensity.
The pressure required to establish the equilibrium state is set and maintained by a regulator, but in the case of low suction values this may prove difficult to achieve. In such cases (under 20-30 kPa suction values) a pressure-free device may be used so as to maintain a constant suction on the bottom of the HAES plate, relative to the atmospheric pressure in the chamber. This constant suction effect is most easily provided with an output overflow (keeping unchanged the discharge level). 
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These measuring cycles are a very timeconsuming process and require the presence of a human operator for periodic checks in order to detect the equilibrium state, so their automation can be useful. Automation is really needed when several soil sample tests are to be carried out in parallel, since in such cases the setting of pressure levels and the detection of equilibrium states require very attentive tracing and a lot of time. Figure 7 . shows the scheme of the proposed automated equipment, controlled and driven by a device with a microcontroller. 
Implementation and use
Based on the aforementioned, automated equipment has been developed at our department's hydraulic laboratory to allow the assessment of the hydraulic characteristics of several soil samples in parallel processes without the need for human supervision.
Two types of experimental chambers were made, one larger, steel-plated (Figures 8 and 9) , and six smaller with a plastic or Plexiglas covering (Figure 10) . The larger sized steel casing can withstand up to 15 bar pressure, while the smaller chambers were tested only up to 3 bars. One of the smaller testing chambers designed for measuring the permeability of unsaturated soil samples subjected to lower pressure (made according to the scheme from Figure 6 ) is shown in Figure 10 . Through the plexiglass base, the HAES plate and the sealing ring are visible, and the precision burette is located next to the chamber. The more expensive components were the HAES plates (Figure 11) , as the laboratory was already equipped with a compressor.
The automation was achieved based on a programmable "element14 BeagleBone Black" [13, 14] unit equipped with a 1 GHz ARM Cortex A8 processor, 512 MB memory and 4 GB storage capacity (Figure 12 ). Zsolt Simon, computer engineer student, dealt with the programming of the unit most of the time. In the first version, the microcontroller unit was connected to a computer, and the system could perform parallel measurements and computing for up to ten soil samples by performing the following steps: − Pressure control and adjustment (starting from a pre-set level, then passing through all the stages scheduled before the measurement); − Acquiring the water level from the burette or from the piezometer (to assess the water volume that leaked from the soil sample, and when to pass to the next pressure level); − Guiding and controlling the solenoid valves in parallel (to allow accurate weighing of the water separately for each soil sample for each reached and recorded equilibrium level); − Transfer of data, a data base and drawing the retention curves;
− Running the algorithm that selects the most suitable equation in order to obtain a continuous function for the degree of saturation and finding the matching parameters; − Computing of all hydraulic parameters and plotting the variation curves; − Build and record the variation curves of diffluent volumes over time, for each pressure range, in order to allow the assessment of the diffusivity; − Announce the completion of the determinations for the tested soil samples (by email message). This system also allowed remote human intervention (control, monitoring) through a web interface.
As a result of subsequent improvements, the intermediate computer was excluded from the system, the microcontroller unit being connected through a HDMI connection to a display.
In the current configuration, three smaller (low pressure) permeability meters are in parallel function with the higher pressurized steel chamber (due to the limited number of the available HAES plates). The required air pressure for these testing chambers is provided by a compressor and it can be adjusted to varying levels for each testing unit by the microcontroller driven pressure control subunits (Figure 13) .
In the near future, the plastic pipe extending from the HAES plate will be replaced with a neoprene tube in the steel coil chamber and the inlet pressure will be through a steel pipe (as we think the current copper tube's plasticity can affect the measurements). 
Conclusions
At a relatively low cost (and by enthusiastic work), experimental equipment was created to make such measurements as are found in well-equipped laboratories. Thus, the range of research possibilities was widened.
So far, the operation of the experimental apparatus has shown that, in addition to student research work, practicing professionals can also efficiently use it to study unsaturated soils.
Due to automation, human presence and intervention are not required during the time consuming tests. The possibility of performing multiple measurements and calculations simultaneously (the number of which can be further increased in the future) is also noticeably time saving.
In addition to defining the hydraulic characteristics of the unsaturated soils based on the characteristic curves, the equipment also offers an opportunity to address questions related to the gas permeability, shear resistance or thermal conductivity of different soil samples.
